ABSTRACT
Introduction
A schematic diagram of the HPRTE (High Pressure Regenerative Turbine Engine) model is shown in Fig. 1 . Air enters the system at State 1 and is compressed by the low-pressure compressor (LPC, labeled C1). It is then adiabatically mixed with the recirculated combustion products from the recuperator. The combined air and exhaust products then enter the high-pressure core where they are compressed in the high-pressure compressor (HPC, labeled C2), heated in the recuperator and combustor, and then expanded in the highpressure turbine (HPT, labeled T1). After leaving the HPT, all of the combustion gases enter the recuperator, where they lose heat to the gases entering the combustor. At the exit of the recuperator, a portion of the gas recirculates to join the compressed air stream, and the remaining air is passed through a low-pressure turbine (LPT, labeled T2) before exiting to the atmosphere.
The Suzler brothers, Westinghouse and the US Navy first studied semi-closed gas turbine cycles in depth in the 1940s and 50s [1] . However due to operational requirements and program cancellations, the above systems were not developed further. There is renewed interest in the above gas turbine cycles because of the improvements in technology and the availability of clean burning fuels. MacFarlane and Lear [2] reported that water could be extracted from the combustion products of the HPRTE system. This water can be used for several applications. They considered the effect of re-injection of water back into the system on the system's performance. Nemec [3] showed that the HPRTE with a Rankine bottoming cycle could achieve over 60% gross thermal efficiency. Muley [4] showed that there was a reduction in thermal NOx of roughly five orders of magnitude in the HPRTE versus typical open-cycle engines due to the dilution of O 2 and the reduced flame temperatures. A study done at Universita degli Studi di Firenze by Facchini et al. [5] showed that a semi-closed cycle engine similar to the HPRTE possessed benefits in terms of exhaust gas treatment (CO 2 sequestration) and peak-load shaving. In a joint study between the University of Florida and Unistry Associates Inc., Lear and Crittenden [6] first showed the reductions in emissions that occur with the HPRTE. In another joint study between the University of Florida and NASA, Lear and Laganelli [7] showed that the HPRTE produced a constant-efficiency curve at part power and reduced emissions for an open-cycle engine.
Boza et al. [8] modeled the HPRTE with a vapor absorption refrigeration combined cycle using the zerdimensional steady state thermodynamics. The cycle performance was then studied by producing parametric design curves that showed trends and gave an indication of potential optimized system performance. They considered two cases, a large engine with a nominal power output of 40 MW and a small engine with a nominal power output of 100 kW. The results were reported in terms of thermal efficiency, refrigeration ratio, and the combined cycle efficiency. Mostafavi et al. [9] showed that there was enough waste heat available in the exhaust of a twin-spool open-cycle system to pre-cool the inlet to 5°C. There is however, a lack of literature that describes the performance of such a system. There are apparently very few articles in the literature describing a semi-closed absorption refrigeration combined cycle.
Cycle Configuration
The cycle configuration considered in this work is similar to that given by Boza et al. The combined HPRTE/VARS cycle is shown in Fig. 2 . The gas-turbine portion is the HPRTE, discussed above and shown in Fig. 1 . The vapor absorption refrigeration system (VARS) is a typical lithium bromide/water single-stage system. The generator was placed after the mixing junction of the recirculated exhaust and the incoming air in the gas turbine cycle. Another possible configuration considered was a two-stage generator that extracted heat first from the lower-quality incoming air, and then the higher-quality recirculated exhaust. This configuration would have had a thermodynamic benefit and could possibly have provided more refrigeration (the generator is the limit on how much refrigeration can be produced). However it was decided that, for most applications, the added weight and complexity of such a configuration would outweigh its potential benefits in a real system. Lithium-bromide/water, and ammonia/water were the two binary fluids initially considered for the absorption cycle. Lithium-Bromide/water was eventually chosen for two reasons. Li-Br/water systems are safe and require no rectifying equipment due to the fact that the Li-Br in the solution does not evaporate. The evaporator of the system is placed after the heat exchanger MC and water is extracted in the evaporator. Also, evaporator temperatures were constrained to be above the freezing point of water due to the large amount of water vapor in the hot gas stream in contact with the evaporator.
The combined HPRTE/VARS is a semi-closed Brayton cycle that features high-pressure recuperation. The key attributes of the combined system in addition to ease of water extraction are:
1) The high part-power efficiency of IC/R (Intercooled and recuperated) turbine engines is attainable in a very compact package. 2) Three-fold specific power increase over the state of art. 3) Conventional component temperatures are used, so no new materials are required. 4) Reduced signatures due to lower exhaust temperature and inherent reduction of soot. 5) Inherent reduction in emissions such as NO x , CO and unburned hydrocarbons (all of which contribute to the infrared signature). 6) The waste heat of the exhaust gases are effectively used to power the vapor absorption refrigeration system. 7) For high recirculation and higher inlet compressor pressure ratios, large amount of heat can be provided to the generator of VARS resulting in large tonnage of refrigeration in the evaporator. 8) Extra refrigeration is available even after the water extraction in the evaporator.
9) The presence of extra refrigeration in the evaporator of VARS will reduce the inlet temperature to the high pressure compressor of the power cycle, HPRTE. Thus improving its performance at different operating conditions.
Several aspects of the power-cycle HPRTE should be emphasized (based on significant analyses and cycle code simulations, and confirmed by engine manufacturers):
1. The specific power advantage comes from the high pressure section, where the mass flow is much higher than the intake air flow due to large internal recirculation. 2. The high pressure turbo machinery is about the same size as normal, whereas the low pressure turbo machinery is smaller than normal. The low pressure components may be approximately the same size as the high pressure components, since they carry less mass flow. 3. The recuperator is compact (more than an order of magnitude) because both streams operate at high pressure. 4. The cooler (power cycle only) is slightly smaller than a conventional intercooler if the coolant is air, since its size will be dominated by the coolant film coefficient. It will be especially compact in applications where the coolant air stream has been compressed or is a liquid.
5. Normally, the maximum inlet temperatures for the turbines T6 and the recuperator T7 will be fixed by material considerations. Since T6 and T7 are thus both fixed, the high pressure ratio (across turbine T1) is also fixed, hence the optimal C2 pressure ratio falls out. 6. Nearly constant SFC over 70% of the power range, a feature that is especially attractive for FCS vehicles and other military and civilian transportation systems.
The cycle input and calculated parameter values are given in Table 1 . The input parameters are underlined to differentiate them from the calculated parameters. All the figures drawn in this paper are obtained using the input values given in Table 1 unless mentioned otherwise. The turbine and recuperator inlet temperatures were determined based on materials limits for the turbine blades and the recuperator walls. These are conservative values; they are lower than true state-of-the-art limiting values so that they may be varied in the parametric study. The continued development of the gas turbine engine over the past 50 years has seen a vast increase in the temperature of gases being expelled from the combustion chamber and into the turbine. This is due to the fact that higher efficiencies can be obtained. The turbine inlet temperature (T6) has risen from 1050K in the Whittle W1 engine of 1941 to 1750K of the Rolls-Royce Trent of 1994. The ability to have this increase in temperature is a result of improved materials and cooling technology. In a modern gas turbine engine, T6 can be as much as 300-400 K higher than the melting point of the material from which the turbine blades have been constructed from. Therefore advanced cooling techniques are required to prevent the turbine blades being destroyed. They are cooled by the internal air system. This relatively cool air is bled from the main airflow through the engine after the compression stage. In a modern jet engine about 10-20% of the compressor flow is bled off for this purpose. The loss of this air from the main flow through the engine reduces the efficiency of the engine. Therefore it is important when designing these engines, that a minimum amount of air is supplied to the internal air system and that this air is used as efficiently as possible. However, the benefits of having a higher T6 outweigh the drawbacks of bleeding air from the compressor flow. The cooling passages built internally along the length of the blade carry the compressed air. The cooling air passes through internal air passages that cause the blade to act as a heat exchanger. In film cooling of the turbine blades small holes along the leading edge of the blade are constructed from which the cooling air is emitted. This creates a film of cool air over the surface of the blade which protects the blade from the high temperature exhaust gas. The very latest turbine blades contain many internal passages through which cooling air can flow, so the blade acts as a multi-pass heat exchanger which is capable of removing a large amount of heat. In addition to that, modern turbine blades are extensively film cooled. In the proposed HPRTE/VARS combined cycle for the case of high turbine inlet temperatures, the cool air is bled from the main airflow after the high pressure compressor (C2) at state point 4 in Fig Recuperators some time also known as fixed boundary heat exchanger is a continuous heat exchange device that captures waste heat and continuously recycles the heat back into the process. Recuperator especially metallic recuperators are classified into three basic types: shell-and-tube, plate-fin and primary surface recuperators (PSR). Shell-and-tube recuperator consists of a serried of tubes within an outer shell. One fluid flows through the tubes while the second fluid flows between outer shell and the tubes, exchanging heat from one fluid to the other. They have been used for decades in the process industry and in large gas turbines. The authors recommend this type of recuperator for the combined HPRTE/VARS cycle. Recuperators are also classified according to the direction of the heat exchanging fluids: co-flow, cross-flow and counter-flow. Thermodynamically counter-flow is the most efficient and its effectiveness can vary from 85% to 90%. For higher efficiency the recuperator of the combined cycle is required to have improved high-temperature performance and reliability. This means that materials with more oxidation and corrosion resistance and tensile/creep strength at higher temperatures are required. In a recent report prepared for "U. recuperator materials requirements based on the hot-gas inlet temperatures (in o C) are specified. They are 400 series ferritic alloys up to 600 o C; 300 series austenitic alloys up to 700 o C (considered the limit for stainless steel); 800 o C to 850 o C, the limit for advanced austenitic alloys and nickel-based superalloys; and 900 o C, the limit for cobalt-based superalloys. For temperatures above 900 o C, ceramics or oxide dispersion strengthened (ODS) alloys will most likely be needed. These temperature limits are based on the materials properties that determine recuperator failure, such as corrosion, oxidation, creep, and strength.
The ambient temperature in Table 1 was determined based on a hot day in which air conditioning would typically be used. The evaporator temperature was constrained by the freezing temperature of water. Thermodynamically it would have been possible and favorable to set the evaporator at a significantly lower temperature. However, coil frosting would have then become an issue because of the large amount of water in the exhaust stream in contact with the evaporator.
The low-pressure compressor pressure ratio (PRC1) was based on prior studies [2] . The inlet temperature of the gaseous mixture entering the high pressure compressor C2 is fixed and is equal to 10 o C, based on the value used by Wang and Chiou [11] . The turbo-machinery polytropic efficiencies were based on state-of-the-art values as reported by Mattingly [12] and Carcasci and Facchini [13] . The pressure drops in the recuperator and the combustor are similar to the values reported by Fiaschi et. al. [14] . The equivalence ratio Φ was set to 0.9 based on previous studies with the HPRTE. Those studies showed that performance improves as the equivalence ratio is raised. However, it has to be capped at 0.9 in a real system because it was hypothesized that at least 10% excess air was necessary to ensure complete combustion [2] . The adiabatic flame temperature is lower for Φ less than 1.0, resulting in lesser dissociation of the major species. Therefore the presence of NOx and soot formation is reduced in turbine exhaust gases. The temperature of the oxidizer entering the combustor chamber is expected to be around 1000 o C due to higher values of the recuperator effectiveness and the higher values of the recirculation ratio considered for the combined HPRTE/VARS cycle. The strong exhaust gas recirculation combined with air preheating generates relatively low flame temperatures. The combustion air is diluted with a large amount of recirculated gases, and so the mass fraction of oxygen in the reaction zone is much lower than in the case of undiluted air. Therefore, the stoichiometric flame temperature is also lower. In addition, the temperature fluctuations are small, and there is no luminosity or sound emission from the flame. Under such conditions the combustion regime is referred to as flameless oxidation by Wünning and Wünning [15] . Coelho and Peters [16] numerically simulated a combustor with high air preheating and strong internal exhaust gas recirculation. The combustor operated in the mild combustion mode, characterized by relatively low flame temperatures, low NO x emissions, no visible flame and no sound. Predictions of the mean and fluctuating velocity components, as well as local residence times, were compared with experimental data. They reported that the predicted profiles reproduce the data reasonably well, but some discrepancies were found. A combustion chamber operating in the mild combustion mode was investigated experimentally by Plessing et al. [17] . Instantaneous temperatures and OH-radical fields were measured optically, along with NO x emissions. It was found that mild combustion takes place in the well stirred reactor regime, and that maximum local temperatures were below 1,650 K. The OH concentration in the combustion zone was lower than in nonpreheated undiluted turbulent premixed flames. The NO x emissions decreased when switching from the stable flame mode to the mild combustion regime, where they were only around 10 ppm. Cavaliere et. al., [18] shown that "Mild Combustion" is a special case of the High Temperature Reactants Combustion, but it is one of the most important cases due to considerations linked to pollutant formation. The main merits of the "Mild Combustion" have been discussed and categorized in the following items:
• Pollution:-Reduction of soot an thermal NOx, possible reductions of pollutants catalyzed by soot presence (e.g. dioxins), possible reduction of fly ashes due to low metal volatility at mild temperature, increase of CO2 concentration (recirculation instead of air dilution) with possible easier separation.
• Efficiency: -Increase efficiency due to regenerative combustion.
• Fuel Flexibility: -Broad flexibility due to the high reactant temperature.
• Wall Confinement: -Easy confinement and wide range of aerodynamic solution due to low mild temperature.
• Heat Treatment: -Increase material quality due to direct heating with uniform temperature streams.
Yuan et al., [19] studied the combustion characteristics of highly preheated and diluted air combustion in a regenerative furnace both experimentally and numerically. The temperature distribution, soot formation as well as NOx emission were measured and simulated. The influence of the preheated air temperature, the oxygen concentration, the stoichiometric ratio and the air diluent was also investigated. The optimal combinations of the preheated air temperature and the oxygen concentrations have been predicted in the case of the flue gas recirculation, which could provide the possible highest temperature in the furnace while keeping the NOx emission lower than the permitted value.
Thermodynamic Analysis
The cycle was modeled using traditional zero-dimensional steady-state thermodynamics as shown in Boza et al. [8] . However the present model has the following improvements. Boza et al., [8] did not consider the composition of the gaseous mixture at different state points of the combined cycle which are considered in the present model. It should be noted that the knowledge of the composition and the temperature of the mixture at various state points of the combined cycle helps in the calculation of the enthalpy of the mixture. Moreover, they did not consider the water extraction from the combined cycle and its effect on the overall performance of the system which is studied in the present model. Boza et. al. [8] developed a dual combustor model to account for the recirculating gases in the inlet air to the combustor. In the present model the combustion software HPFLAME provided in Turns [20] was used for calculating the adiabatic flame temperature at the exit of the combustor. Also the enthalpy of air at different state points was obtained using the coefficients mentioned in Turns [20] , which were calculated on the basis of the data provided in the JANAF Tables [21] . Pressure effects were neglected, so the temperature and composition were needed to find the air enthalpy at a given state.
The composition was specified by writing the chemical species continuity equation at each state point. The model assumes that all hydrogen atoms go towards the production of water and all nitrogen atoms remain as diatomic nitrogen after combustion. In the case of combustion without the recirculating gases the equation is as follows for typical fuels (see MacFarlane [2] 
where O 2 is the oxygen molecule, N 2 is the nitrogen molecule, CO 2 is the carbon dioxide molecule, H 2 O is the water vapor molecule, C X H Y is the fuel and A e is the excess air for combustion. Also in the above equation ω refers to the number of moles of water vapor present in the fresh air entering the system and its value is obtained from the humidity ratio of the fresh air entering the system.
The equivalence ratio Φ is commonly used to indicate quantitatively whether a fuel-oxidizer mixture is rich, lean or stoichiometric. The equivalence ratio is defined as (see Turns [20] )
Without considering the recirculation of the gases, the relationship between the equivalence ratio, Φ and excess air A e is given by the following equation
As mentioned earlier the cycle operates at steady state and that good mixing is assumed to occur at each junction. At steady state fresh air and fuel enter the cycle at a constant flow rate. Also, the exhaust products and extracted water exit the cycle at a constant flow rate. Continuity is used to determine the mass flow rate and species concentration at each point in the cycle. All flow rates in the model are normalized with respect to the fresh air inlet. The recirculation ratio is defined as the mass flow rate of combustion products recirculated to the mass flow rate of air at the exit of the combustor. Fig. 1 . It should be noted that after the recirculation the definition of excess air (A e ) will get modified and it will be equal to
After the recirculation of the exhaust gases the equivalence ratio Φ for the combined cycle is calculated as follows It should be noted that m 5 in the above equation is the weight of air at state point 5 and its actual value can be calculated from Eq. (9) where as its stoichiometric value is again obtained from Eq. (9) but by assuming A e equal to zero. The value of m fuel for both the actual and stoichiometric conditions is same and is equal to the weight of the one mole of fuel.
Water is extracted in the evaporator after the mixing junction resulting in the decrease of the total mass flow rate of the system. The number of moles of water removed per mole of fuel burned is given by State 2.9 represents the recirculated portion of the combustion products. The known amounts in moles of fuel burned, the number of moles of the fresh air at the inlet and M R moles of water extracted allows continuity to determine the composition at states 2.9,3 and 3.01. Thus the species present at these states can be written as, O) represents the number of moles of the species present in the mixture at that state point. Knowing the type and the number of moles of species present at that state point the weight of the mixture can be easily calculated. It should be noted that some water has already been removed from the control mass, which is reflected in the above equation. After the water extraction in the evaporator the species present at all state points from 3.2 to 5 can be written as, 9), which is the composition of the gases coming into the combustor and the mole numbers of different individual gases obtained by simple combustion which is given on the RHS of Eq. (1), are taken. Then the mole number of individual gases of air consumed in combustion which is given on the LHS of Eq. (1) is subtracted from the sum of the mole numbers obtained earlier. The final composition at state 6 which will be same at state 7 and 9 is given as, Using the definition of the recirculation ratio the composition at States 8 and 10 can be written as,
As mentioned earlier, water is extracted in the evaporator of the HPRTE system. It is assumed that the air coming out of the evaporator is saturated and the ratio of the saturated pressure of water vapor to the total pressure can be related to the mole ratio of the substances for the working fluid and can be written as (see
Using the previous combustion and continuity analysis, the ratio of the number of moles of water to the number of moles of fuel (M R ) can easily be found, and is equal to
The number of moles of water removed from the working fluid depends upon the amount of cooling provided in the evaporator and the concentration of water at the evaporator inlet. The ratio of mass flow rate of water extracted to the mass flow rate of fuel is given by The ratio of the mass flow rate of water extracted to the mass flow rate of fuel consumed is an important parameter in the design of the HPRTE cycle and is given by As mentioned earlier, the main source of water vapor in the system is the combustion of the fuel, and the ratio of the mass flow rate of water extracted from the system to the mass flow rate of water vapor produced in the combustor is given by 
Solution Method
A computer code was written in FORTRAN to simulate the performance of the combined system. As mentioned earlier the combustion software HPFLAME provided in Turns [20] was used for calculating the adiabatic flame temperature at the exit of the combustor. It should be noted that combustion is assumed to be complete in the combustor and therefore the percentage of carbon monoxide (CO) atoms, hydroxyl (OH) and NOx are negligible. However, the use of the software "HPFLAME" allows us to more accurately calculate the enthalpy at the exit of the combustor. Equations (8)- (12) provide the chemical composition of air at all of the state points of the system. The temperature of air at different state points is either given as input or obtained from the calculated enthalpy at that state point. Knowing the temperature and composition of gases at each state point, its enthalpy is calculated using the correlations given in the appendix of Turns [20] . The code is capable of calculating engine performance (net work output and efficiency) as a function of the input parameters (turbine inlet temperature, recuperator inlet temperature, generator temperature, evaporator exit temperature, low pressure compressor ratio, recirculation ratio, turbo machinery efficiencies, heat exchanger effectiveness, equivalence ratio and pressure drops). The code iterates with respect to the turbine inlet temperature to get an equivalence ratio of = Φ 0.9 in the combustor. The vapor absorption refrigeration system (VARS) is modeled using the equations given by Goswami et al., [22] . The following simplifying assumptions are made in writing the VARS code:
1. The refrigerant and absorbent phases are in equilibrium in the generator, evaporator, condenser and the absorber. 2. With the exception of pressure reduction across the expansion devices, pressure reductions in the lines and heat exchangers are neglected. 3. Pressures at the evaporator and condenser are equal to the vapor pressure of the refrigerant i.e., water. 4. Lithium bromide is used as the absorbent fluid. 5. Pump is isentropic. 6. Valves are adiabatic. 7. Refrigerant is pure water and at a steady state. 8. No jacket heat losses. Li-Br/water properties were obtained using the equations mentioned in Kaita [23] . The values of the generator, absorber and the evaporator temperatures are similar to those given by Goswami et al., [22] . The COP of the VARS system obtained from the sample calculation is around 0.78 which is comparable to the values given for a single effect LiBr/water VARS used in a combined heat and power system (CHP) by Mone et. al [24] . The heat rejection from the VARS occurs in the condenser and the absorber at temperatures such that it can be rejected to chilled water. Ameri and Hejazi [25] reported that for a 16.6 MW power plant utilizing a VARS to cool the inlet air to the gas turbine requires approximately 100 kW of power consumption for the cooling water pump of the VARS. The VARS of the power plant utilizes 1400t/hr of sea water at 32 o C. From the above experimental data it is clear that the absorber and the condenser of the VARS of the combined HPRTE/VARS cycle could be easily cooled by chilled water and the power requirements for the pump would be very much smaller since the power capacity of the combined cycle is 515 kW.
A psychometric program is also written in FORTRAN and is added to the code which will give the values of relative humidity ( r φ ) before the evaporator. Equations (8) and (9) describe the chemical species present before and after the evaporator (State points 3.01 and 3.2) respectively. The humidity ratio of air before the evaporator was calculated by using the values of the number of moles of water vapor and the number of moles of all other components. The value of temperature at each state point is either given as input or calculated using the value of enthalpy at that state point. The pressure at each state point is calculated using the values of pressure drops (incase of turbines and heat exchangers) and pressure rise (in case of compressors) across the different components.
Results
The code developed above was used for studying the effects of varying the different temperatures of the combined HPRTE/VARS cycle on its performance. The performance of the system is expressed in terms of the water extraction parameters defined in Eq. (16) (R W ), the thermal efficiency (η) and refrigeration ratio (β). The thermal efficiency is defined as the net work output of the cycle divided by the net heat input based on the lower heating value (LHV) of the fuel propane (C 3 H 8 ) . It should be noted that the code is written to consider different fuels such as methane, ethane, acetylene etc. It should be noted that excess refrigeration represents the refrigeration effect available in the evaporator of the VARS after it takes the sensible and the latent heat load of the air mixture of the HPRTE: the sensible heat load is due to the cooling of the air mixture and latent heat load is due to the water extraction in the evaporator. Figure 3(a) and 3(b) shows the effect of turbine inlet temperature, T6 on the thermal efficiency, η and the refrigeration ratio, β respectively at a constant low pressure compressor ratio, PRC1. The turbine exit temperature is fixed in drawing these plots and as the turbine inlet temperature is increased the pressure ratios across the high pressure turbine and the high pressure compressor increases. However, the net work output from the system increases as shown in Fig. 4 , resulting in increase in the thermal efficiency for the values of T6 from 900 o C to 1400 o C. The figure shows that at a particular turbine inlet temperature the thermal efficiency decreases with increasing values of the pressure ratio, PRC1. It is noted that as the value of PRC1 is increased from 2 to 10 the value of both, the work input into the compressor (C1) and the work output from the low pressure turbine T2, increases. However, the increase in work input into the compressor C1 is more compared with the increase in the work output from the turbine T2. As a result the net work output from the combined cycle is reduced. Figure 3(b) shows that the refrigeration ratio β decreases with the increasing turbine inlet temperature at a constant low pressure compressor ratio PRC1. It is observed that at higher turbine inlet temperatures the net work output from the system and the amount of refrigeration produced in the evaporator increases. However the rate of increase of the net work output is more than that of Q ref . The overall effect is the decrease in the values of β at higher turbine inlet temperatures. Figure 5 shows the graph of the relationship between the recirculation ratios R and the turbine inlet temperatures T6. The figure shows that the recirculation ratio decreases with increasing the values of the turbine inlet temperature. It should be noted that the plots are obtained for a constant value of the combustor equivalence ratio (Φ=0.9). At higher turbine inlet temperatures, for a given amount recirculated gas there must be more fresh air to support the higher fuel flow needed for increased combustor exit temperature, resulting in lower recirculation ratios. It can be seen that the recirculation ratio is almost constant for different values of the low-pressure compressor ratio (PRC1). Also for the constant values of Φ and recuperator inlet temperature T7, there is an inverse relationship between the recirculation ratio R and the efficiency η as shown in Figs. 5 and  3(a) . At higher turbine inlet temperatures there is less recirculation and the fuel flow is higher for increased combustor exit temperature, resulting in greater work output and increased efficiency. Figure 6 shows the plot of the water extraction parameter (R W ) defined in Eq. (16) versus the turbine inlet temperatures T6. The plot is drawn for different values of the low pressure ratio (PRC1). It should be noted that the water vapor which condenses is one of the products of combustion in the combustor. If the amount of recirculated air decreases there will be less water vapor in the recirculated air entering the evaporator. Therefore decreases in the recirculation ratio due to higher turbine inlet temperature will result in lower values of R W . In addition the figure shows that for a given value of the turbine inlet temperature, the value of R W increases as the values of PRC1 is increased.
Effect of Turbine Inlet Temperature T6.
Effect of Recuperator Inlet Temperature T7. Figures 7(a) and 7(b) show the effect of recuperator hot-side inlet temperature T7 on the thermal efficiency η and the refrigeration ratio β, respectively. The plots are drawn for different values of the low pressure compressor ratios, PRC1. The figure shows that, for a particular turbine inlet temperature, the thermal efficiency increases with the recuperator inlet temperature before reaching a maximum point at an optimum temperature, and then its value starts decreasing. It is found that increasing recuperator inlet temperature has two converse effects on the system. Higher recuperator inlet temperatures result in reduced pressure ratios across the high-pressure compressor C2, shown in Fig. 8 and also the turbine T1. The lower pressure ratios across the compressors will result in a lower work of compression. However; lower pressure ratios across the turbine will result in lower work output. These two opposite factors affect the net work output in such a way that before the optimum point (i.e., the maximum efficiency point) the work reduction in the compressor is more than the decrease in work output from the turbine, hence the increase in the net work output. However after the optimum point the work reduction in the compressor is less than the reduction in the work output from the turbine resulting in reduced values of net work output (refer to Fig. 9 ). Figure 7 (b) also shows that the value of refrigeration ratio β,  for a particular turbine inlet temperature, decreases with increasing values of recuperator inlet temperature before reaching a minimum point at an optimal temperature, and then its value starts increasing. It is found that the recirculation ratio R is less at lower values of recuperator inlet temperature but increases with increasing values of the recuperator inlet temperatures (refer to Fig. 10 ). The lower amount of recirculated gas will result in lower heat input to the generator, hence less refrigeration in the evaporator. However, at these conditions the net work output from the turbine increases. The overall result is a decrease in the value of β. At values of the recuperator inlet temperatures beyond the minimum point, the greater amount of heat input to the generator results in more refrigeration. In addition the net work output from the turbine is less at higher recuperator inlet temperatures. The overall result is increase in the values of, β. Figure 11(a) and 11(b) shows the effect of the lowpressure compressor ratios PRC1 on the values of the thermal efficiency η and the refrigeration ratio β, respectively. The plots are obtained for different values of the turbine inlet temperature T6. Figure 11(a) shows that, as the values of the PRC1 increases, the value of the thermal efficiency increases, reaches a maximum value, and then decreases. The figure shows that for all the three temperatures (T6) considered the thermal efficiency is found to be maximum at around PRC1 equal to 2.0. It is observed that the lower heating value of the fuel Q LHV , the work input to the compressor C2 and the work output from the turbine T1 are constant as the value of PRC1 is increased from 1 to 10. However, the work input to the compressor C1 and the work output from the turbine T2 increase as the value of PRC1 is increased from 1.0 to 10.0. The rate of increase of the above work of compression in C1 and the work of expansion in T2 are different, resulting in the optimum point at PRC1=2.0 as shown in the figure. Figure 11(b) shows the effect of the low pressure compressor ratio PRC1 on the refrigeration ratio (β) for different values of the turbine inlet temperature T6. The figure shows that, as the value of PRC1 increases, the value of β increases. As shown in Fig. 1 the recirculated air is mixed with the fresh air at State point 2.9 before it is cooled in the generator. The higher compressor ratios in the compressor C1 will result in higher temperature at State point 2.9, providing more heat in the generator, which in turn will provide more refrigeration effect in the evaporator of the vapor absorption refrigeration system. Therefore the value of β increases with the increasing values of PRC1.
Effect of Low Pressure Compressor Ratios (PRC1).
The recirculation ratio is only a strong function of the turbine inlet temperature (T6) and the recuperator inlet temperature (T7), respectively. The values of T6 and T7 are kept constant in Fig. 11 ; therefore the values of recirculation ratio are constant. Figure 12 shows the variation of R W with the low pressure compressor ratio PRC1. The plots are drawn for different values of the turbine inlet temperature T6. The figure shows that at a particular turbine inlet temperature the value of R W increases rapidly when the value of PRC1 is increased from 1 to 2 and the increase in its value is less significant when PRC1 is increased from 3 to 10. It should be noted that the values of all the input parameters, except the values of PRC1, are kept constant in drawing the graphs in Fig. 12 . The values of the parameter sat Π defined in Eq. (13), which is an important factor in determining the amount of water extracted, decreases continuously as the value of PRC1 is increased from 1 to 10. However, it is found that its value decreases significantly when the value of PRC1 is increased from 1 to 2 and the decrease is less significant when the value of PRC1 is increased from 3 to 10. Therefore the amount of water extracted given by Eq. (14) increases significantly when PRC1 is increased from 1 to 2 and the increase is less significant at higher pressure ratios.
Conclusions
A zero-dimensional steady-state model was used for studying the performance of a High Pressure Regenerative Turbine Engine combined with a vapor absorption refrigeration system. The model was used for studying the effect of various parameters on the system performance. The following is the summary of the major findings
• The thermal efficiency η is a strong function of the turbine inlet temperature T6. Its value increases from 6 % to 46 % as the value of T6 is increased from 900 o C to 1400 o C for PRC1 equal to 2.0. It should be noted that the values of efficiency obtained are for propane as the fuel. The recuperator inlet temperature T7 has an optimal effect on the thermal efficiency. Its value increases with the increase in the recuperator inlet temperature, reaches a maximum point, and then decreases. The variation of the thermal efficiency with the low pressure compressor ratio is marginal, however; at all turbine inlet temperatures considered its value is maximum at PRC1=2.0. The values of efficiencies obtained are for a medium sized engine with conservative values of design parameters.
• The amount of refrigeration produced in the evaporator of the VARS is a strong function of the recirculation ratio R and the low pressure compressor ratio PRC1. Higher amounts of heat is available in the generator of the VARS for higher values of R and PRC1 producing more refrigeration in the evaporator of the VARS.
• The water extraction capability of the system is expressed in terms of R W defined as the ratio of mass flow rate of water extracted in the evaporator to the mass flow rate of fresh air at the inlet. It has been observed that the turbine inlet temperature has an adverse effect on the values of R W . Their values decrease with increasing values of the turbine inlet temperature, because of the decrease in the values of the recirculation ratios. The value of R W increases with increasing values of the recuperator inlet temperature T7 because of the increase in the values of the recirculation ratios.
• The effect of the low pressure compressor ratios PRC1, on the values of thermal efficiency η and refrigeration ratio β was also investigated. It was found that there is no appreciable change in the thermal efficiency with the increasing values of PRC1. However, for all the values of turbine inlet temperature considered, its value is maximum at PRC1 equal to 2.0. Moreover the value of the refrigeration ratio increases rapidly with increasing values of PRC1. Keeping all other parameters constant the water extraction increases with the increase in the values of PRC1, however this increase is significant when the value of PRC1 is increased from 1.0 to 2.0 and the increase is less significant at higher pressure ratios.
The HPRTE system combined with the vapor absorption refrigeration system is shown to be viable for water extraction, work out put from the system in addition to providing excess refrigeration. It can be concluded that for the best performance in terms of maximum thermal efficiency and optimal water extraction from the combined HPRTE/VARS cycle is obtained for the following combination of the input parameters: the turbine inlet temperature T6 equal to 1400 o C, the recuperator inlet temperature T7 equal to 800 o C, the low pressure compressor ratio PRC1 equal to 2.0, and all other input parameters are exactly equal to those given in Table 1 . The value of maximum efficiency obtained will be 46 % and approximately 1.5 kg of water for one kg of fuel consumed would be extracted from the combined cycle. In addition it will have a refrigeration ratio of 0.3. The efficiency values obtained from the proposed combined HPRTE/VARS cycle are in the range 40-46% as shown in Fig. 3(a) . These efficiency values are compared with other Gas Turbine cycle using some form of inlet air cooling. Wang and Chiou [11] studied the steam injection (STIG) and inlet air cooling technologies (IAC) for improving the power output and power generation efficiency of a simple gas turbine GENSET. The steam needed in the STIG and IAC features is generated from the energy recovered from the system's own exhaust gases. They reported an efficiency of 35% for a turbine inlet temperature of 1264 K. Mone et al. [24] investigated the economic feasibility of the combined heat and power systems (CHP) to supply heating and cooling to a facility. They used commercially available gas turbines and single, double and triple effect absorption chillers. The CHP systems were demonstrated to be potentially beneficial to consumers. They reported that the actual amount of heat available to absorption systems being a function of the mass flow rate of the exhaust gas, the temperature of the gas and the turbine size. The cooling capacity of the evaporator is more a function of the gas exhaust flow than the temperature due to small variation of temperatures for different gas turbines. Ameri and Hejazi [25] studied the capacity enhancement of the Chabahar gas turbine installation using an absorption chiller. The inlet air to the gas turbine was cooled using a steam absorption chiller. The absorption chiller was powered using the exhaust gases from the gas turbine. They reported an increase of about 11.3% in the power output. 
